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Dysfunction of the stress-responsive FOXC1 
transcription factor contributes to the earlier-onset 
glaucoma observed in Axenfeld-Rieger syndrome 
patients 

YA lto\ IS Goping 2 , F Berry 1 ' 3 and MA Walter*' 1 ' 4 

Mutations in the Forkhead Box C1 (F0XC1) transcription factor gene are associated with Axenfeld-Rieger syndrome (ARS), a 
developmental disorder affecting structures in the anterior segment of the eye. Approximately 75% of ARS patients with FOXC1 
mutations develop earlier-onset glaucoma. Constant exposure of the trabecular meshwork (TM), located in the anterior segment 
of the eye, to oxidative stress is predicted to be a risk factor for developing glaucoma. Stress-induced death of TM cells results in 
dysfunction of the TM, leading to elevated intraocular pressure, which is a major risk factor for developing glaucoma. FOXC1 is 
predicted to maintain homeostasis in TM cells by regulating genes that are important for stress response. In this study, we show 
that a member of the heat-shock 70 family of proteins, HSPA6, is a target gene of FOXC1. HSPA6 protein, which is only induced 
under severe oxidative stress conditions, has a protective function in human trabecular meshwork (HTM) cells. We also show 
that FOXC1 is anti-apoptotic as knocking down FOXC1 significantly decreases HTM cell viability. In addition, we show that 
FOXC1 itself responds to stress as exposure of cells to H 2 0 2 -induced oxidative stress reduces FOXC1 levels and activity. 
Conditions that decrease FOXC1 function, such as exposure of cells to oxidative stress and FOXC1 ARS mutations, compromise 
the ability of TM cells to effectively respond to environmental stresses. Dysfunction of FOXC1 contributes to the death of 
TM cells, an important step in the development of glaucoma. 
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Axenfeld-Rieger syndrome (ARS) is an autosomal-dominant 
disorder in which structures in the anterior segment of the eye 
are improperly developed. A spectrum of anterior segment 
anomalies is observed in ARS patients including iris hypoplasia, 
polycoria, corectopia, posterior embryotoxon, and peripheral 
anterior synechiae. Systemic anomalies may include facial 
dysmorphisms, dental anomalies, and redundant preumbilical 
skin. ARS patients are at an increased risk to develop 
glaucoma, a progressively blinding condition that results from 
the death of retinal ganglion cells. Glaucoma is an age-related 
disease as the risk of developing glaucoma significantly 
increases after age 40 years. 1 ' 2 Patients with ARS typically 
have juvenile-onset or early adult-onset (before age 40 years) 
glaucoma. Histopathological examination of ARS eyes revealed 
malformations in the trabecular meshwork (TM) and Schlemm's 
canal, 3 both of which are essential for the proper drainage 
of aqueous humor from the anterior chamber of the eye to 
occur. Inefficient drainage of the aqueous humor often results in 
elevated intraocular pressure (IOP), which is a major risk factor 
for the development of glaucoma. 



Mutations in the Forkhead Box C1 (FOXC1) gene are 
associated with ARS and glaucoma. 4-6 FOXC1 belongs to the 
Forkhead box (FOX) family of transcription factors, which 
share an evolutionarily conserved DNA-binding domain 
known as the Forkhead domain. The vast majority of FOXC1 
missense mutations identified in ARS patients are located 
within the forkhead domain, 7 highlighting the importance 
of an intact DNA-binding domain for FOXC1 to function during 
ocular development. Molecular dissection of FOXC1 muta- 
tions show that many FOXC1 mutant proteins have 
decreased capacity to localize to the nucleus and/or bind to 
DNA, both properties that are essential for FOXC1 to function 
as an effective transcription factor. 8-10 

In addition to FOXd's role during ocular development, 
FOXC1 appears to have a protective role in the adult eye. 11 
FOXC1 is expressed in the adult eye including the TM. 12 
Cells of the TM are constantly exposed to aqueous humor, 
which is a source of oxidative stress. 13 The levels of hydrogen 
peroxide (H 2 0 2 ) in human aqueous humor is greatly variable 
and can reach levels as high as 300 ^M. 14 As true of most 
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cells, the cells of the TM have cellular defense mechanisms 
including the antioxidant system, proteolytic system, and 
regulation of stress-responsive genes that enable the cell to 
quickly and efficiently adapt and survive in a dynamic 
environment. 15-18 Compromised ability of the TM to respond 
to stress is predicted to result in TM cell death 19-21 and 
subsequently in TM dysfunction, contributing to the develop- 
ment of glaucoma. FOXC1 maintains homeostasis in the adult 
TM by regulating anti-apoptotic genes such as FOXOIa. 11 
We hypothesize that ARS patients with FOXC1 mutations 
have a compromised ability to respond to stress, in part due to 
impaired regulation of downstream target genes that are 
involved in stress response. The compromised ability to 
respond to stress is predicted to contribute to the earlier-onset 
glaucoma observed in ARS patients. In the present study, we 
examined the involvement of the FOXC1 transcription factor 
in the stress response pathway by characterizing a novel 
potential target gene that belongs to the HSP70 family 
of proteins, Heat-shock protein A6 (HSPA6), also known as 
HSP70B'. Furthermore, we tested the effect of H 2 0 2 -induced 
oxidative stress on FOXC1 in human trabecular meshwork 
(HTM) cells. 

Results 

HSPA6 was examined as a potential target gene of FOXC1 in 
cultured HTM cells. This heat-shock protein was previously 
identified as a potential FOXC1 target gene by microarray 
analysis using a hormone-responsive FOXC1 construct. 11 
Northern blot analysis and qPCR analysis both revealed that 
FOXC1 knockdown resulted in a significant decrease in 
HSPA6 RNA levels compared with control siRNA-transfected 
cells (P-value = 0.01, Student's Mest; Figure 1). FOXC1 
knockdown was achieved by transfection with siRNA against 
FOXC1 and knockdown efficiency was confirmed by immu- 
noblot analysis (Supplementary Figure 1). 

To confirm that HSPA6 is a downstream target gene of the 
FOXC1 transcription factor, chromatin immunoprecipitation 
(ChIP) assay was used to identify FOXC1 -binding sites (BSs) 
upstream of the HSPA6 transcription start site (Figure 2). 
Potential FOXC1 BSs in the intergenic region upstream of the 
HSPA6 gene were identified by using a FOXC1 DNA BS 
matrix and the Possum program. All identified potential 
FOXC1 BSs were examined by ChIP assay. ChIP assays 
revealed that endogenous FOXC1 binds to DNA within the 
BS1 region, located -4800 bp upstream of the HSPA6 
transcription start site and to a 300-bp DNA segment (BS3), 
containing two consensus FOX BSs located ~ 1300 bp 
upstream of the transcription start site (Figure 2). ChlP-PCR 
indicated that FOXC1 does not bind to the potential site within 
the BS2 region, however (Figure 2). 

HSPA6 protein levels were examined to further validate 
HSPA6 as a downstream target of FOXC1 . HSPA6 has been 
shown to have little or no basal protein expression and to 
be only induced upon exposure to extreme conditions of 
stress. 22-25 Consistent with this idea, HSPA6 protein was not 
detected by immunoblot analysis under normal untreated 
conditions (Figure 3a). Thus, to examine HSPA6 protein, HTM 
cells were subjected to a two-step H 2 0 2 treatment, where 
cells were first pre-conditioned with a lower dose of H 2 0 2 , and 
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Figure 1 HSPA6 is a target gene of F0XC1 in HTM cells. HTM cells were 
transfected with F0XC1 siRNA or control siRNA. After transfection, RNA was 
harvested and subjected to (a) northern blot analysis or (b) qPCR analysis, (a) A 
HSPA6 probe was radiolabeled and hybridized to the blot. Relative to control siRNA, 
HSPA6 RNA levels significantly decreased when F0XC1 was knocked down 
(P=0.01, n = 4, Student's f-test). (b) qPCR results show that relative to control 
siRNA, HSPA6 RNA levels significantly decreased after F0XC1 was knocked down 
(*P<0.01, n = 4, Student's Mest) 

then treated with a second higher dose of H 2 0 2 (Figure 3b). 
Neither single doses (500 /^M = low dose' or 1 000 ^M = 'high 
dose') of H 2 0 2 resulted in HSPA6 protein detection. HSPA6 
protein was only detected after two treatments of H 2 0 2 
(500 ^M followed by 1 000 ^M = 'severe dose'; Figure 3a). 
Thus, the two-step H 2 0 2 treatment resulted in a severe 
oxidative stress condition, in which HSPA6 protein was 
induced. Under severe oxidative stress conditions, HSPA6 
protein levels increased 76% when FOXC1 was knocked 
down relative to the control siRNA-transfected cells in which 
there were initially normal FOXC1 protein levels before 
treatment (P=0.02, Student's Mest; Figure 4a). Similarly, 
analysis of HSPA6 RNA by qPCR indicate that under severe 
oxidative stress conditions, HSPA6 RNA levels increase when 
FOXC1 is knocked down (Figure 4b). Taken together, these 
experiments confirm that HSPA6 is a target gene of the 
FOXC1 transcription factor. 

Members of the HSP70 family of proteins typically have a 
protective role in cells. 25 To examine whether HSPA6 also has 
a protective role in HTM cells, HSPA6 was knocked down by 
transfection with siRNA against HSPA6 (Supplementary 
Figure 2). After exposure to a 'severe dose' of H 2 0 2 , which 
results in the induction of HSPA6 protein (Figure 3a), there 
were significantly more trypan blue-positive cells in HSPA6 
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Figure 2 FOX-binding sites are present in the HSPA6 upstream region. Chromatin immunoprecipitation (ChIP) assay identified BS1 , located ~4800 bp upstream of the 
HSPA6 transcription start site, as a bona fide F0XC1 -binding site. The BS3 region containing two FOX consensus binding sites located ~ 1300 bp upstream of the HSPA6 
transcription site was also able to bind F0XC1 . HTM cells were crosslinked and immunoprecipitated against F0XC1 . Acetylated histone 3 at lysine 9 (Ack9) and IgG were used 
as positive and negative controls for the Chi P technique, respectively. The immunoprecipitated DNA was amplified by PCR using primers flanking the potential F0XC1 -binding 
site, identified by Possum software. Genomic DNA and water are positive and negative controls, respectively, for the PCR. Primer flanking BS2 did not amplify a product in 
ChIP products incubated with F0XC1 antibody, indicating that BS2 does not bind to F0XC1 



siRNA-transfected cells (64.7%) compared with control 
siRNA-transfected cells (58.7%; P-value = 0.0027, Student's 
Mest; Figure 5a). Examination of cleaved poly (ADP-ribose) 
polymerase 1 (PARP-1) protein levels by immunoblotting 
indicated that there was significantly more of this apoptotic 
marker when HSPA6 was knocked down in cells exposed to 
the 'severe dose' of H 2 0 2 (Figure 5b). These results suggest 
that HSPA6 is an anti-apoptotic protein in severe stress 
conditions. 

To further examine the potentially protective role of HSPA6, 
HSPA6 was overexpressed in HTM cells. Compared 
with empty vector-transfected cells, overexpression of 
HSPA6 resulted in a statistically significant 7.2% increase in 
cell viability after HTM cells were exposed to a 'high dose' 
of H 2 0 2 (P-value = 0.0028, Student's Mest; Supplementary 
Figure 3A). HSPA6 overexpression did not alter cell viability 
after HTM cells were exposed to the 'low dose' and 'severe 
dose' of H 2 0 2 . Interestingly, immunoblot analysis indicated 
that HSPA6 protein levels were lower in cells treated with 'low 



dose' and 'severe dose' treatments of H 2 0 2 compared 
with cells that were untreated or treated with the 'high dose' 
of H 2 0 2 (Supplementary Figure 3B). These results thus also 
suggest that HSPA6 protein has a protective role in severe 
stress conditions. 

FOXC1 has previously been reported to promote resistance 
to oxidative stress. 11 The protective role of FOXC1 was 
further examined in HTM cells that were subjected to various 
severities of oxidative stress. Under untreated conditions with 
normal FOXC1 levels, 78% of cells were viable (Figure 6a). 
However, there were significantly less viable cells (69%) 
when FOXC1 was knocked under 'no H 2 0 2 ' conditions 
(P-value<0.01, Student's Mest). Also, relative to the control 
siRNA-transfected cells, there were significantly less viable 
cells in FOXC1 siRNA-transfected cells after exposure to 
either a 'low dose' or 'high dose' of H 2 0 2 (P-value<0.01 , 
Student's Mest). As decreasing FOXC1 levels are associated 
with increased cell death, FOXC1 appears to have a role in 
preventing cell death under both normal and oxidative stress 
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Figure 3 HSPA6 protein is present only after exposure to a severe dose of 
H 2 0 2 . (a) Protein lysates were resolved on a 10% SDS-PAGE and immunoblotted 
using antibodies against HSPA6 or ERK1/2. Immunoblot analysis shows the 
presence of HSPA6 protein only in HTM cells exposed to a severe dose of H 2 0 2 . 
(b) For overexpression or knockdown of FOXC1 or HSPA6, HTM cells were first 
transfected with either siRNA against the gene of interest or a plasmid construct, 
respectively. Approximately 24 h post transfection, HTM cells were exposed to a low 
dose (500 fM), high dose (1 000 fiM), or severe dose (500 fM followed by 1 000 fiM) 
of H 2 0 2 



conditions. In cells transfected with control siRNA (normal 
FOXC1 levels), cleaved PARP-1 and cleaved caspase 
7 protein levels both increased with the intensity of the H 2 0 2 
treatment (Figures 6b and c). When FOXC1 was knocked 
down, there was a significant increase in cleaved PARP-1 
protein levels after exposure to both low dose' and 'high dose' 
oxidative stress conditions. Similarly, cleaved caspase 
7 protein levels significantly increased when FOXC1 was 
knocked down in cells exposed to a 'high dose' and 'severe 
dose' of H 2 0 2 . Taken together, these results confirm that 
FOXC1 has a protective role by preventing apoptotic cell 
death. 

The previous section shows that a reduction in FOXC1 
levels, which inevitably results in a reduction of FOXC1 
activity, is detrimental to cell viability. Many FOXC1 mutations 
found in ARS patients, including L130F, W152G, and S131L, 
have reduced FOXC1 activity. 8-10 Thus, the consequence of 
these FOXC1 mutations on cell viability was examined. 
Overexpressing wild-type FOXC1 in HTM cells resulted in a 
significant 10.5% increase in cell viability compared with the 
empty vector-transfected cells when both types of transfected 
cells were treated with a 'high dose' of H 2 0 2 (P-value = 0.003, 
Student's f-test; Figure 7a). There was no difference in cell 
viability when FOXC1 was overexpressed in HTM cells when 
cells were untreated, or exposed to a 'low dose' or 'severe 
dose' of H 2 0 2 . In the absence of oxidative stress, cells 
overexpressing the L130F, W152G, or S131L FOXC1 
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Figure 4 F0XC1 knockdown increases HSPA6 levels after exposure to a 
severe dose of H 2 0 2 . (a) Protein lysates were resolved on a 10% SDS-PAGE and 
immunoblotted using antibodies against HSPA6 or ERK1/2. Knocking down F0XC1 
in severely oxidatively stressed cells resulted in a significant increase (*) in HSPA6 
protein (P=0.02. Student's f-test). (b) Total RNA was extracted and HSPA6 and 
HPRT1 RNA levels were quantified by qPCR. HSPA6 RNA levels were normalized 
to HPRT1 RNA levels. qPCR results show that HSPA6 RNA levels increase after 
exposure to a severe dose of H 2 0 2 , further confirming that HSPA6 is a target gene 
of F0XC1. Quantification is based on triplicated experiments 



mutation had significantly decreased cell viability compared 
with cells overexpressing wild-type FOXC1 (P<0.01 for all 
three mutations, Student's Mest) (Figure 7b). In addition, 
relative to wild-type FOXC1 -transfected cells, there was 
increased cell death in HTM cells overexpressing the three 
FOXC1 mutants after treatment with either the low dose' or 
'high dose' of H 2 0 2 (P<0.01 for all three mutations, Student's 
Mest). Thus, both siRNA knockdown and mutations of FOXC1 
found in ARS patients have similar effects of reducing FOXC1 
activity, and increasing cell death in response to stress. 

Finally, immunoblot analysis showed a decrease in both 
wild-type and mutant exogenous FOXC1 protein levels after 
HTM cells were exposed to H 2 0 2 (Figure 7c). In addition, 
endogenous FOXC1 protein levels decreased after HTM cells 
were subjected to H 2 0 2 -induced oxidative stress (Figure 8a). 
FOXC1 protein levels did not recover even after 48 h 
post-treatment, as observed with the low dose' samples. 
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Figure 5 Knocking down HSPA6 increases apoptotic cell death after exposure 
of HTM cells to 'severe' H 2 0 2 -induced oxidative stress, (a) Cell viability was 
quantified by staining with trypan blue. HSPA6 knockdown resulted in a significant 
decrease (*) in cell viability in cells exposed to a 'severe dose' of H 2 0 2 . 
(b) Immunoblot analysis showed that decreasing HSPA6 significantly increased 
(*) cleaved PARP-1 levels after cells were exposed to a 'severe dose' of H 2 0 2 . 
Quantification is based on triplicated experiments 



The decrease in F0XC1 protein levels is not dependent on the 
severity of the H 2 0 2 treatment as all three examined treatment 
conditions resulted in lower F0XC1 protein levels. Similarly, 
qPCR results showed that relative to untreated HTM samples, 
all three examined H 2 0 2 treatment conditions resulted in a 
significant decrease in FOXC1 RNA levels (P-value<0.01, 
Student's ttest; Figure 8b). These experiments indicate that 
FOXC1 mRNA and protein levels decrease after exposure of 
cells to oxidative stress, and suggest that FOXC1 itself 
is a stress-responsive transcription factor. To test this idea, 
the ability of FOXC1 to transactivate a luciferase reporter 
gene with a synthetic FOXC1 BS was examined in HeLa cells. 
FOXC1 was able to transactivate the luciferase reporter gene 
under 'no H 2 0 2 ' conditions (Figure 8c). However, relative to 
no H 2 0 2 treatment, transactivation levels were significantly 
reduced after exposure of cells to either a low dose' or 'severe 
dose' of H 2 0 2 -induced oxidative stress (Figure 8d). Interest- 
ingly, despite reduced FOXC1 protein levels, FOXC1 
was able to transactivate the luciferase reporter gene 
after exposure to a 'high dose' of H 2 0 2 . Thus, FOXC1 has 
the greatest protective effect after exposure to a 'high dose' of 
H 2 0 2 . 
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Figure 6 Knocking down F0XC1 increases apoptotic cell death after exposure 
of HTM cells to 'low dose' and 'high dose' H 2 0 2 -induced oxidative stress, (a) Cell 
viability was quantified by staining with trypan blue. Knocking down F0XC1 
significantly decreased (*) cell viability in cells exposed to a 'low dose', 'high dose', 
and 'severe dose' of H 2 0 2 . Immunoblot analysis showed that (*) decreasing F0XC1 
significantly increased the apoptotic markers (b) cleaved PARP-1 and (c) cleaved 
caspase-7 after cells were exposed to a 'low dose' and/or 'high dose' of H 2 0 2 . 
F0XC1 knockdown had no effect on cell viability or the apoptotic markers when cells 
were exposed to a 'severe dose' of H 2 0 2 . Quantification is based on triplicated 
experiments 
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Figure 7 Overexpression of wild-type and mutant FOXCIs has differential 
effects on cell viability. HTM cells were transfected with (a) wild-type F0XC1 or 
(b) three mutant FOXCIs; L130F, W152G, and S131L Transfected HTM cells were 
subjected to a low dose (500 fM), high dose (1000/zM), or severe dose (500 ^M 
followed by 1000 fM) of H 2 0 2 . Cell viability was quantified by staining with trypan 
blue. Wild-type FOXC1 overexpression significantly increased (*) viability in cells 
exposed to a 'high dose' of H 2 0 2 (P<0.01, Student's f-test). Under severe dose 
conditions, there was no significant difference between wild-type FOXC1 and the 
L130F, W152G, and S131L mutants with P-values of 0.06, 0.20, and 0.13 
respectively. Mutant FOXC1 overexpression significantly decreased (*) viability in 
cells (P<0.01, Student's f-test). (c) Immunoblot analysis showed that FOXC1 
protein levels decreased when HTM cells were exposed to H 2 0 2 -induced oxidative 
stress. Quantification is based on triplicated experiments 



Discussion 

Because of the critical connection between cellular stress and 
the development of glaucoma, stress-induced genes are 
particularly interesting to study to better understand the role of 
stress response in the pathology of glaucoma. Our results 
indicated one such gene, HSPA6 as a target gene of the 
FOXC1 transcription factor, mutations of which cause ARS 
and earlier-onset glaucoma. HSPA6 homologs have been 
identified only in a subset of mammals. 24 As no HSPA6 
homologs have been identified in conventional model organ- 
isms such as rodents and fish, HTM cells were used here 



to examine HSPA6 function. HSP70 proteins typically have a 
protective role in cells through molecular chaperoning 
activities or interaction with various components of the 
apoptotic pathway such as Apaf-1 and AIF. 26-33 Although 
the specific mechanisms of action have not been defined for 
HSPA6, similar mechanisms likely contribute to the protective 
ability of HSPA6 in HTM cells (Figure 5 and Supplementary 
Figure 3). HSPA6 is necessary for human colon cells to 
acquire cytoprotection in response to heat shock. 24 However, 
under the experimental conditions in the present study, HTM 
cells did not acquire cytoprotection after preconditioning with a 
non-lethal dose of H 2 0 2 . Despite this difference, HSPA6 
appears to nevertheless have a protective effect on both 
human colon and ocular cells. Finally, many heat-shock 
proteins including HSP70s function as 'danger signals' that 
are released from dying cells. 33-35 In addition to the protective 
role of HSPA6 within cells, high levels of HSPA6 protein could 
potentially serve as a 'danger signal' in response to severe 
oxidative stress. 24 

Cellular stress has a complex effect upon the regulation of 
HSPA6 by FOXC1. Under normal non-stress conditions, 
FOXC1 binds to elements within the upstream regions of 
HSPA6 and significantly increases HSPA6 RNA expression 
(Figures 1 and 2). FOXC1 knockdown results in decreased 
HSPA6 RNA levels 11 (Figure 1). However, under normal non- 
stress conditions, this HSPA6 RNA is not translated into 
protein as HSPA6 protein is only detected after exposure of 
cells to severe stress conditions (Figures 1 and 3). The 
positive correlation between HSPA6 transcript and protein 
levels in response to severe oxidative stress suggests that a 
transcriptional threshold must be reached for HSPA6 to be 
translated (Figure 4). Stress-induced changes to FOXC1 
levels and activity might underlie the observation of increased 
HSPA6 protein levels with decreased FOXC1 levels. 
Exposure to oxidative stress itself alters FOXC1 transcript 
and protein levels, as well as activity (Figures 7 and 8). As both 
endogenous and exogenous FOXC1 protein levels decrease 
in response to oxidative stress, oxidative stress could affect 
the stability of FOXC1 protein. 36 Although oxidative stress 
does not alter nuclear localization of FOXC1 protein (data not 
shown), other factors such as protein stability could be 
affected through post-translational modifications. Phospho- 
rylation of the FOXC1 serine 272 residue has been shown to 
promote FOXC1 protein stability. 37 Impairing phosphorylation 
of the serine 272 residue by substitution with an alanine 
residue (S272A) resulted in a less stable, but more tran- 
scriptionally active protein. 37 The increased transactivation 
ability of FOXC1 despite the significant reduction in FOXC1 
protein levels after exposure of HTM cells to a 'high dose' of 
H 2 0 2 (Figure 8) could be due to a less stable, but more active 
FOXC1 protein. Furthermore, under severe stress conditions, 
wild-type FOXC1 does not have a protective advantage over 
the three mutant FOXC1 proteins examined (Figure 7). Thus, 
the initial low-dose treatment of H 2 0 2 appears to disrupt the 
functioning capacity of wild-type FOXC1 potentially through 
changes to its epigenetic landscape. Such stress-induced 
changes to FOXC1 would be predicted to alter the regulation 
of downstream target genes of FOXC1, including HSPA6 
and should be further examined. Although HSPA6 was 
identified as a target of FOXC1 by a microarray method using 
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Figure 8 H 2 0 2 -incluced oxidative stress decreases FOXC1 levels, (a) Nuclear extracts were resolved by 10% SDS-PAGE and immunoblotted using antibodies against 
endogenous FOXC1 and TFIID. (b) Total RNA was extracted and FOXC1 and HPRT1 RNA levels were quantified by qPCR. FOXC1 RNA levels were normalized to HPRT1 
RNA levels. The * indicates a P value < 0.01 (Student's f-test) relative to 'no H 2 0 2 ' samples, (c) FOXC1 was able to transactivate the luciferase reporter gene under 'no H 2 0 2 ' 
conditions. The transactivation ability of FOXC1 significantly decreased (*) in HeLa cells treated with a low dose' and 'severe dose' of H 2 0 2 . (d) Immunoblot analysis showed 
that exogenous FOXC1 protein levels decreased when cells were treated with H 2 0 2 . Lysates were resolved by 10% SDS-PAGE and immunoblotted using Xpress and tubulin 
antibodies. Quantification is based on triplicated experiments 



a caged FOXC1 molecule designed to identify direct FOXC1 
targets and contains upstream DNA elements that are bound 
by endogenous FOXC1 in ChIP assays, we cannot rule out 
the possibility that unknown factors intervene between 
FOXC1 and the HSPA6 regulatory region, especially under 
conditions of stress. In any case, the complex relation 
between FOXC1 , HSPA6, and stress has an important role 
for the promotion of cell survival. Given the protective 
functions of HSPA6, dysregulation of HSPA6 in ARS patients 
with FOXC1 mutations could have a significant role in 
ARS-associated earlier-onset glaucoma. 

FOXC1 is an anti-apoptotic protein 11 as decreasing FOXC1 
levels result in increased cell death under oxidative stress 
conditions (Figure 6). Thus, maintenance of FOXC1 activity 
appears to be essential for TM cell viability. In the present 
study, we show that oxidative stress conditions and FOXC1 
mutations both compromise TM cell viability. Previous 
molecular characterization of FOXC1 mutants have revealed 
that the overall consequence of FOXC1 mutations found in 
ARS patients, including L130F and W152G, is decreased 
capacity to activate downstream target genes. 9 ' 10 In addition 
to downstream target genes that function during the develop- 
ment of anterior segment structures, FOXC1 mutations also 
disrupt the regulation of downstream target genes involved in 
executing a rapid and effective stress response during and 
after development. Our cell viability experiments show that 
even in the absence of stress, overexpression of mutant 
FOXC1 proteins result in a significant decrease in cell viability 
(Figure 7). Previous studies indicate that the L130F and 
W152G mutant proteins are misfolded, likely contributing to 
the formation of aggregates in the cytoplasm. 9,10 As misfolded 
proteins inevitably place additional strain on the proteolytic 
system, these FOXC1 mutant proteins themselves could 



contribute to proteolytic stress even in the absence 
of environmental stresses. 

Several factors are predicted to contribute to the earlier- 
onset glaucoma observed in ARS patients with FOXC1 
mutations. First, expression of FOXC1 mutants during 
development could result in malformation of tissues in the 
anterior segment of the eye, including the TM. Structural 
maldevelopment of the TM could result in inadequate 
aqueous humor drainage from the eye, leading to increased 
IOP, which is a major risk factor for developing glaucoma. In 
addition to the role of FOXC1 during development, FOXC1 is 
predicted to function in maintaining homeostasis in the adult 
eye by mediating the stress response pathway. 11 Under 
normal conditions, the FOXC1 transcription factor regulates 
a network of genes that involve both survival genes and 
apoptotic genes. The balanced regulation of these target 
genes by FOXC1 is likely essential to achieve homeostasis 
within a system. When HTM cells are exposed to environ- 
mental stresses, the decrease in FOXC1 levels appears to 
result in initiation of a different signaling program. A decrease 
in FOXC1 results in repression of anti-apoptotic genes, 
including FOXOIa, 11 and could also induce pro-apoptotic 
genes that will result in apoptotic cell death. Exposure of HTM 
cells to severe environmental stresses stimulates a different 
subset of FOXC1 downstream target genes, including the 
anti-apoptotic HSPA6gene (Supplementary Figure 4). In ARS 
patients with FOXC1 mutations, the TM cells are predicted to 
be more sensitive to environmental stresses because of both 
dysregulation of stress-responsive target genes such as 
HSPA6 and FOXOIa, 11 and the additional strain put on the 
proteolytic system because of the presence of misfolded 
mutant FOXC1 protein. Also, in ARS patients, the copy of 
FOXC1 from the unaffected allele is predicted to be unable to 
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compensate for the mutant allele during the stress response 
because exposure to oxidative stress reduces FOXC1 levels. 
Fluctuation of FOXC1 levels in the adult eye in response to 
stress may be part of the normal physiology of cells in the TM. 
However, in cells that are already compromised because of 
the expression of a FOXC1 mutation, fluctuations in wild-type 
FOXC1 levels in response to stress may further compromise 
the ability of TM cells to respond and adapt to stress, 
disrupting the overall functioning of the TM. Dysfunction of the 
TM likely contributes to the earlier-onset glaucoma observed 
in ARS patients with FOXC1 mutations. 

As increasing the levels of FOXC1 promotes TM cell 
survival (Figure 7a), increasing FOXC1 levels may be an 
effective strategy for developing therapies for ARS patients. 
However, increased FOXC1 levels and/or overactivation 
of FOXC1 have also been associated with disease pheno- 
types. 38-41 A balance in FOXC1 activity is necessary for 
proper development of the eye to occur. Both loss-of-function 
FOXC1 mutations and segmental duplications of the 6p25 
region (resulting in additional copies of FOXC1) result in 
anterior segment dysgenesis. 38-40,42 Another concerning 
factor is in human basal-like breast cancer, where high levels 
of FOXC1 are correlated with poor prognosis because of a 
more aggressive cellular phenotype that includes increased 
cell proliferation, migration, and invasion. 41 These studies 
show that FOXC1 levels within a cell must be strictly 
regulated. The requirements of strict regulation of FOXC1 
levels for normal development and cell phenotypes 
therefore suggests that FOXC1 is likely a poor target for 
direct therapeutic interventions for earlier-onset glaucoma. 
However, HSPA6 and other downstream targets of FOXC1 
are intriguing potential therapeutic targets for preventing or 
delaying TM cell death. 



Materials and Methods 

Mammalian cell culture and transfection. HTM cells were grown in 
Dulbecco's modified Eagle's medium (Life Technologies Inc., Burlington, ON, 
Canada), supplemented with 10% fetal bovine serum. Plasmid transfections were 
performed using a TranslT-LT1 (Mirus, Bio LLC, Madison, Wl, USA) transfection 
reagent to DNA ratio of 5:1, according to the manufacturer's protocol. siRNA 
transfections were performed using Lipofectamine 2000 (Life Technologies), as 
previously described. 11 

Plasmids. The FOXC1 wild type, L130F, W152G, and S131L mutant 
constructs were previously assembled. 8-10 The HSPA6 full-length cDNA (DNASU 
Plasmid Repository, Tempe, AZ, USA) was subcloned into the pcDNA3.1/nV5- 
DEST vector (Life Technologies) in-frame to the V5 epitope by gateway 
technology. All vectors were sequenced to confirm that no nucleotide changes 
were introduced into the cDNA and that the cDNAs were in-frame to the epitopes. 

Two-step H 2 0 2 treatment. Twenty-four hours post transfection, cells were 
treated with 500 ^M H 2 0 2 for 2h, then allowed to recover in fresh media. 
Approximately 22 h post recovery, the cells were treated with 1000^M H 2 0 2 for 
2h, then allowed to recover in fresh media for approximately 22 h before analysis 
(Figure 3b). 

Heat-shock treatment. Approximately 48 h post transfection, HTM cells 
were heat shocked at 44 °C for 2 h. Cells were allowed to recover in fresh media 
pre-warmed to 37 °C for ~22h before analysis. 

Trypan blue staining. Twenty-four hours post transfection, HTM cells 
were exposed to the two-step H 2 0 2 treatment before harvesting. Cells were 
trypsinized, then resuspended in 750 fi\ PBS. Cell viability was analyzed by mixing 



equal volumes of resuspended cells with 0.4% trypan blue (Life Technologies Inc.). 
After addition of trypan blue, the cells were immediately analyzed by loading onto 
a hemocytometer. For each sample, cells in eight 1 mm 2 squares were counted. 

Protein analysis. For immunoblot analysis of endogenous FOXC1 protein, 
cells were harvested by scraping, lysed using Levin lysis buffer, 43 and sonicated. 
For immunoblot analysis of all other proteins, cells were harvested by 
scraping, lysed using nuclear lysis buffer (20 mM HEPES (pH 7.6), 500 mM 
NaCI, 1.5 mM MgCI 2 , 0.1% Triton-X 100, 20% glycerol, 1 mM dithiothreitol, 1 mM 
phenylmethylsulfonylfluoride, 0.5% protease inhibitor cocktail (Sigma-Aldrich 
Canada Co., Oakville, ON, Canada)), and sonicated. Immunoblot analysis was 
carried out as previously described. 44 

Realtime qPCR. The QuantiTect SYBR Green PCR assay (QIAGEN, 
Toronto, ON, Canada) was used to quantitate FOXC1 or HSPA6 levels from 
reverse transcribed total RNA isolated from HTM cells as previously described. 45 
The following primers were used to detect FOXC1 RNA levels: forward 
5'-CGGGTTGGAAAGGGATATTTA-3' and reverse 5'-CAAAATGTTCTGCTC 
CTCTCG-3'. The following primers were used to detect HSPA6 RNA levels: forward 
S'-CAAGGTGCGCGTATGCTAC-S' and reverse 5'-GCTCATTGATGATCCG 
CAACAC-3'. 

Dual luciferase assay. The pGL3-TK reporter vector with the synthetic 
FOXC1 BSs was used for the transactivation assays. Twenty-four hours post 
transfection, HeLa cells were subjected to the two-step H 2 0 2 treatment. Twenty- 
two hours post recovery, the luciferase assays were carried out using the dual 
luciferase assay kit as previously described. 37 Each experiment was done in 
triplicate and was performed three times. 

Northern blot analysis. Northern blot analysis was carried out as previously 
described. 8 Twenty to thirty microgram of RNA was analyzed by northern blot on a 
formaldehyde agarose gel. A HSPA6 DNA fragment, unique to the 5' untranslated 
region of HSPA6, was PCR amplified using the following primers: forward 
5'-CAAGGTGCGCGTATGCTAC-3' and reverse 5'-GCTCATTGATGATCCGCA 
ACAC-3'. HSPA6 RNA levels were normalized to 28S levels and quantified using 
ImageJ. The level of 28S ribosomal RNA was determined by visualization with the 
addition of ethidium bromide to the gel. 

ChIP analysis. ChIP analysis was carried out as previously described. 46 
Protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology, Dallas, TX, USA) 
were used in the ChIP experiments. Lysates were incubated with 4 /ug of FOXC1 
antibody (OriGene Technologies, Inc., Rockville, MD, USA), 4^g of Histone H3 
acetylated at lysine 9 antibody (Cell Signaling Technology, Inc., Danvers, MA, 
USA), or rabbit IgG (Cell Signaling Technology, Inc.) overnight before addition of 
protein beads. For each ChlP-PCR reaction, 1-5 n\ of the purified DNA (i.e., ChIP 
reaction) was used as template. The primer sequences that were used for the 
ChlP-PCR are summarized in Supplementary Table 1 in the Supplementary Data. 
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